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A new mechanical model for analysing the behaviour of axially loaded recycled aggregate concrete filled steel tubes (RACFSTs)
stub columns is presented in this study. The model is derived from the typical elastoplasticity, the nonlinear elastic mechanics, and
the properties of materials. Based on the mechanical model, a novel numerical program is developed. The mechanical model and
the numerical program are adopted to study the effect of recycled coarse aggregate (RCA) replacement percentage on RACFST
mechanical behaviour. The complete load-deformation relationship of specimens, the steel tube axial and circumferential stresses,
and the performance of the confined core concrete and the variation of interaction are also investigated. The analytical results
indicate that this model is able to capture the mechanical behaviour of RACFST. It is also found that the axial and circumferential
stresses of steel tube change nonlinearly during the loading stages. It is concluded that the behaviour of the confined core concrete
is significantly influenced by the confining pressure. The steel tube confinement could improve the mechanical behaviour of RAC
effectively and the RCA replacement percentage slightly changes the response of core concrete. Finally, the relations between
confined core concrete and confining pressure are analysed.

1. Introduction
Recycled aggregate concrete (RAC) can partly or totally
substitute natural aggregates with recycled aggregates. It is
an important kind of green materials. Since the old mortar is
attached to the recycled coarse aggregate (RCA), the mechanical properties of recycled concrete are complicated. The
features of RAC could be characterized by low compressive
strength and elastic modulus [1, 2], high shrinkage and creep
[3, 4], and inferior durability and deformation [5, 6]. So the
development and application of RAC are somewhat restricted
due to the above-mentioned shortcomings. RAC filled steel
tubes (RACFSTs) are considered one of the best way to
improve the properties of recycled aggregate concrete. The
core concrete has no moisture exchange with the surroundings under the confinement by steel tube. Shrinkage of the
core concrete is limited by the outer tube. Creep of the confined concrete is different and smaller than that of ordinary
concrete [7–10]. Moreover, the axial compressive strength
and the deformation performance are improved because

the extension of internal microcracks is restricted [11, 12]. As
an excellent structure system, the performance of RACFST
has been studied, especially the mechanical behaviour of
RACFST stub columns under axial compression.
Many experimental studies on RACFST stub columns
have been carried out. Konno and Sato [13] tested the
columns with different RCA contents and studied its mechanical behaviour. It was found that the modulus and strength
were lower than those of ordinary concrete filled steel tubes
(CFSTs). Yang [14] carried out studies on the RACFST
stub columns and presented the stress-strain relationships
of the confined RAC. Chen and Zeng [15] and Chen et al.
[16, 17] studied the behaviour of 22 RACFSTs and developed an experimental model for calculating the axial loaddeformation relationship. It proved that the RCA replacement percentage could influence the members’ mechanical
behaviour. Xiao et al. [18] conducted a series of RACFST
stub column tests. A simplified axial stress-strain curve of
RACFST which is based on the test results was also provided.
It was found that the ductility and bearing capacity were
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improved due to the interaction between the steel tube and
the core concrete. Liu et al. [19] and Wu et al. [20] studied
the mechanical behaviour of RACFST stub column under
axial compression. It was concluded that circular steel tubes
offered much higher postyield axial ductility than the square
or rectangular tube sections.
The above experimental studies and the simplified models
could produce relatively accurate load-deformation curves,
which provide an understanding of RACFST mechanical
behaviour. But they could not fully reflect the composite action between the outer tube and the core concrete
and are limited by the number of specimens. Therefore,
many researchers have used numerical method to evaluate
the mechanical behaviour of axially loaded RACFST stub
columns. Xiao et al. [18] used commercial finite element
method (FEM) software to analyze the performance of
RACFST columns. It was found that the load-deformation
relationship of specimen was influenced by the material
strength and the constraining factor. Yang [14] adopted the
fibre mechanical model [21] to simulate the mechanical
behaviour of circular RACFST short columns under axial
loading. It was found that the peak strain of specimen
increased with an increase of RCA replacement percentage.
However, among the above numerical models, the commercial FEM is restricted due to its disadvantages. The users could
not fully understand the contents of commercial FEM software, so the accuracy of results is difficult to estimate. Also,
the parameter values in fibre mechanical model are obtained
from the measured RACFST specimens, and the constitutive
relations are not clear when the steel enters into plastic stage.
Additionally, the numerical research on RACFST is still in its
early stage. The quantitative analysis on the RCA replacement
percentage and the steel tube confinement effects need to be
further studied. So, for accurately studying the behaviour of
RACFST stub columns, a mechanical model based on the
rigorous mechanics theory needs to be built.
In this paper, a mechanical model is developed to evaluate
the complete load-deformation relationship of specimens, the
steel tube axial and circumferential stresses, the performance
of the confined core concrete, and the RCA influence. Based
on the typical elastoplasticity and the nonlinear elasticity, the
calculated model and the corresponding numerical program
are developed. The related experimental results in literature
are used to validate the proposed model.

2. Mechanical Model
In this study, the mechanical behaviour of RACFST stub
columns is analysed based on the cross-sectional analysis method, which adopts some assumptions to study the
mechanical behaviour. The assumptions, the equilibrium
equation, the deformation compatibility, and the constitutive
model are proposed according to the axial loading conditions.
The notations for symbols of equations are listed as follows:
𝑁 and △ are load and displacement, respectively; 𝜎 and
𝜀 represent stress and strain, respectively; 𝑐 and 𝑠 denote
concrete and steel, respectively; 𝑎, ℎ, and 𝑟 are the axial, hoop,
and radial directions, respectively; 𝜇 is Poisson’s ratio.
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Figure 1: The loading conditions of specimens.

2.1. Basic Assumptions. The following assumptions are made:
(1) The core concrete and the outer steel tube are under
triaxial stress conditions. The effect of radial stress on
outer tube is considered.
(2) The local buckling of the outer steel tube is ignored
due to the support of core concrete. The slippage
between concrete and steel tube is not considered.
(3) The core concrete is under uniform confining pressure conditions, and the deformation and stress of
specimens are averaged.
(4) The model is applicable to circular CFST stub
columns with the length-to-diameter ratio of 2.0–4.5,
the diameter-to-thickness ratio ranges from 15 to 155,
and the confining factor is 0.15 ≤ 𝜉 ≤ 4.5.
It should be noted that the load from the axial direction
is supported by the infilled concrete and the outer steel
tube, and the axial and radial deformations of steel tube are
compatible with those of core concrete. So, the local buckling
of steel is relieved effectively. The influence of bond-slip on
the mechanical behavior of CFST is not obvious [22]. The
effects of local buckling and slippage are not considered in
this paper.
2.2. Equilibrium Equation. The load from the axial direction
is supported by the infilled concrete and the outer steel tube
(Figure 1). The equilibrium equations of outer tube and core
concrete are
𝑁 = 𝑁𝑐 + 𝑁𝑠 ,

(1)

𝜎𝑐𝑟 = 𝑝,

(2)

𝑝 = −2

𝑡 ℎ
𝜎 ,
𝐷 𝑠

(3)

where 𝑁, 𝑁𝑐 , and 𝑁𝑠 are the axial loads of specimen,
core concrete, and steel tube, respectively, 𝜎𝑐𝑟 and 𝑝 are the
radial stress of concrete and the confining pressure, 𝜎𝑠ℎ is
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where 𝜎𝑠𝑎 and 𝜎𝑠𝑟 are the axial and radial stresses of the steel
tube, respectively, 𝜀𝑠𝑎 , 𝜀𝑠ℎ , and 𝜀𝑠𝑟 denote the axial, circumferential, and radial strains of the steel tube, respectively, 𝐸𝑠 is
the elastic modulus, and 𝜇𝑠 is Poisson’s ratio of steel tube,
respectively.
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2.4.2. The Elastic-Plastic Stage. In this stage, 𝜀 is nonproportional to 𝜎 when 0.8𝑓𝑦 < 𝜎 ≤ 𝑓𝑦 . The generalized Hooke’s
law is adopted. The following equations are used to obtain the
stress and strain state of the steel in this stage:
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Figure 2: The equivalent stress-strain relationship of steel.

the circumferential stress of the steel tube, and 𝑡 and 𝐷 are
the thickness and diameter of the outer tube, respectively.
2.3. Deformation Compatibility. Under the axial compression, the axial deformations of the outer tube and the core
concrete are identical. The radial deformation of the core
concrete should be compatible with that of the outer tube:
Δ𝑎𝑐 = Δ𝑎𝑠 ,

(4)

Δ𝑟𝑐 + Δ𝑟𝑠 = Δℎ𝑠 .

(5)

In (4)-(5), Δ𝑎𝑐 and Δ𝑎𝑠 are the axial displacements of the core
concrete and the steel tube, respectively, Δ𝑟𝑠 and Δℎ𝑠 are the
radial and circumferential displacements of the steel tube,
respectively, and Δ𝑟𝑐 denotes radial displacement of the core
concrete.
2.4. Constitutive Model for Steel Tube. The equivalent stressstrain relationship [23] of steel is used to evaluate the stress
state of the steel tube during the whole loading stages (see
Figure 2). It can be divided into four stages: elastic stage,
elastic-plastic stage, yield stage, and strain hardening stage.
The equations for each stage are listed as follows.
2.4.1. The Elastic Stage. In the elastic stage, the equivalent
strain 𝜀 is proportional to the equivalent stress 𝜎 when 𝜎 ≤
0.8𝑓𝑦 . The constitutive relationships between 𝜎 and 𝜀 can be
obtained by Hooke’s law. The following equations are applied
to obtain the stress and strain state of the steel in this stage:
𝜎𝑠𝑎 =

𝐸𝑠
[𝜀𝑎 (1 − 𝜇𝑠 ) + 𝜇𝑠 (𝜀𝑠ℎ + 𝜀𝑠𝑟 )] ,
(1 − 2𝜇𝑠 ) (1 + 𝜇𝑠 ) 𝑠

(6)

𝜎𝑠ℎ =

𝐸𝑠
[𝜀ℎ (1 − 𝜇𝑠 ) + 𝜇𝑠 (𝜀𝑠𝑎 + 𝜀𝑠𝑟 )] ,
(1 − 2𝜇𝑠 ) (1 + 𝜇𝑠 ) 𝑠

(7)

𝜎𝑠𝑟

𝑡𝜎ℎ
=− 𝑠,
𝐷

𝜀𝑠𝑟 =

𝑡𝜎ℎ
1
[− 𝑠 − 𝜇𝑠 (𝜎𝑠𝑎 + 𝜎𝑠ℎ )] ,
𝐸𝑠
𝐷

(8)
(9)

𝑑𝜎𝑠𝑎 =

𝐸𝑠
[𝜀𝑎 (1 − 𝜇𝑠 ) + 𝜇𝑠 (𝜀𝑠ℎ + 𝜀𝑠𝑟 )] , (10)
(1 − 2𝜇𝑠 ) (1 + 𝜇𝑠 ) 𝑠

𝑑𝜎𝑠ℎ =

𝐸𝑠
[𝜀ℎ (1 − 𝜇𝑠 ) + 𝜇𝑠 (𝜀𝑠𝑎 + 𝜀𝑠𝑟 )] ,
(1 − 2𝜇𝑠 ) (1 + 𝜇𝑠 ) 𝑠

𝑑𝜎𝑠𝑟 = −
𝑑𝜀𝑠𝑟 =
𝐸𝑠 =

𝑡𝑑𝜎𝑠ℎ
,
𝐷

(12)

𝑡𝑑𝜎𝑠ℎ
1
[−
− 𝜇𝑠 (𝑑𝜎𝑠𝑎 + 𝑑𝜎𝑠ℎ )] ,
𝐸𝑠
𝐷
(𝑓𝑦 − 𝜎) 𝜎
(𝑓𝑦 − 0.8𝑓𝑦 ) 0.8𝑓𝑦

𝜇𝑠 = 0.167

(𝜎 − 0.8𝑓𝑦 )
(𝑓𝑦 − 0.8𝑓𝑦 )

(11)

(13)

𝐸𝑠 ,

(14)

+ 0.283,

(15)

where 𝐸𝑠 and 𝜇𝑠 are the modulus and Poisson’s ratio of
steel tube in the elastic-plastic stage, respectively [24], 𝑑𝜎𝑠𝑎 ,
𝑑𝜎𝑠ℎ , and 𝑑𝜎𝑠𝑟 are the axial, circumferential, and radial stress
increments of the steel tube, respectively, and 𝑑𝜀𝑠𝑎 , 𝑑𝜀𝑠ℎ , and
𝑑𝜀𝑠𝑟 are the axial, circumferential, and radial strain increments
of the steel tube, respectively.
2.4.3. The Yield Stage. The steel is in the yield plateau when
𝜎 = 𝑓𝑦 and 𝜀𝑦 ≤ 𝜀𝑖 ≤ 𝜀𝑝 . The Von-Mises criterion,
the Prandtl-Reuss incremental theory of plasticity, and the
associate flow rules are adopted. The equations in this stage
could be found in Huang et al. [25].
2.4.4. The Strain Hardening Stage. In the strain hardening
stage, the relationships between stress and strain can be
obtained by the Prandtl-Reuss incremental theory of plasticity. The equations could be obtained in literature [25].
In the above equations, 𝜎 and 𝜀 can be expressed as
2
2 0.5
1
2
𝜎 = √ [(𝜎𝑠𝑟 − 𝜎𝑠ℎ ) + (𝜎𝑠𝑟 − 𝜎𝑠𝑎 ) + (𝜎𝑠ℎ − 𝜎𝑠𝑎 ) ] ,
2

√2
2
2 0.5
2
𝜀=
[(𝜀𝑠𝑟 − 𝜀𝑠ℎ ) + (𝜀𝑠𝑟 − 𝜀𝑠𝑎 ) + (𝜀𝑠ℎ − 𝜀𝑠𝑎 ) ] .
3

(16)

2.5. Constitutive Model for Core Concrete. In this paper, the
nonlinear elastic constitutive model is adopted due to its
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clarity, simplicity, and good agreement with experimental
results under monotonic loading conditions [26].
The nonlinear elastic constitutive model is composed of
two parts: the failure criterion and the stress-strain relationship.

2.5.2. The Stress-Strain Relation. The isotropic incremental
nonlinear elastic stress-strain relation [29] is expressed as
follows:

𝜇𝑐𝑡
𝜇𝑐𝑡
1
[ 𝐸𝑡 − 𝐸𝑡 − 𝐸𝑡 ]
[ 𝑐
𝑐
𝑐]
] 𝑑𝜎𝑎
𝑑𝜀𝑐𝑎 } [
𝑐}
]{
{
[ 𝑡
𝑡
}
{
}
]{
{ ℎ } [ 𝜇𝑐 1
{ ℎ}
𝜇
𝑐]
[
− 𝑡 ] {𝑑𝜎𝑐 } ,
𝑑𝜀𝑐 } = [− 𝑡
{
𝑡
} [ 𝐸𝑐 𝐸𝑐
}
{
𝐸𝑐 ] {
}
{ 𝑟}
{
] 𝑑𝜎𝑐𝑟
[
}
{ 𝑑𝜀𝑐 } [ 𝑡
{
]
[ 𝜇𝑐
𝜇𝑐𝑡 1 ]
− 𝑡 − 𝑡
𝑡
[ 𝐸𝑐 𝐸𝑐 𝐸𝑐 ]

2.5.1. The Failure Criterion. The modified Hsieh-Ting-Chen
[27, 28] four-parameter criterion is adopted. The criterions
for normal concrete (NC) and RAC are defined by
√𝐽
𝜎
𝐼
𝐽
8.941 22 − 2.430 2 + 11.668 1 + 0.577 1 − 1
𝑓𝑐
𝑓𝑐
𝑓𝑐
𝑓𝑐

(17)

= 0 (RAC) ,
7.644

√𝐽
𝜎
𝐼
𝐽2
− 1.793 2 + 10.268 1 + 0.513 1 − 1
2
𝑓𝑐
𝑓𝑐
𝑓𝑐
𝑓𝑐

where 𝐸𝑐𝑡 (20) and 𝜇𝑐𝑡 (21) [29] are the tangent modulus
and tangent Poisson’s ratio of concrete, respectively, 𝑑𝜀𝑐𝑎 , 𝑑𝜀𝑐ℎ ,
and 𝑑𝜀𝑐𝑟 denote the axial, circumferential, and radial strain
increments of concrete, respectively, and 𝑑𝜎𝑐𝑎 , 𝑑𝜎𝑐ℎ , and 𝑑𝜎𝑐𝑟
are the axial, circumferential, and radial stress increments of
concrete, respectively. Consider

(18)

= 0 (NC) ,
where 𝑓𝑐 is the prism compressive strength of concrete, 𝐼1 is
the first stress invariant, 𝐽2 is the second stress invariant, and
𝜎1 is the first principal stress.

𝐸
𝐸
𝜀
𝜀 2
{
{
𝐸𝑜 + 2 [3 − 2 ( 𝑜 )] ( ) 𝐸𝑓 + 3 [( 𝑜 ) − 2] ( ) 𝐸𝑓
{
{
𝐸𝑓
𝜀𝑖
𝐸𝑓
𝜀𝑖
{
{
2
𝐸𝑐𝑡 = {
𝜂𝐸𝑓 [0.8 − 0.8 (𝜀/𝜀𝑖 ) ]
{
{
{
{
{
2 2
{ [(𝜀/𝜀𝑖 ) + 0.8 (𝜀/𝜀𝑖 − 1) ]

𝛽≤1
(20)
𝛽 > 1,

𝛽 ≤ 0.6

𝜇𝑜
{
{
{
{
𝜇𝑐𝑡 = {𝜇𝑓 − (𝜇𝑓 − 𝜇𝑜 ) √1 − (5𝛽 − 3)2
{
{
{
{𝜇𝑓
𝐸𝑓 =

0.6 < 𝛽 ≤ 1

(21)

𝛽 > 1,

𝜎𝑖
,
𝜀𝑖

(22)
0.15

[2.15 (2𝑡/𝐷) 𝑓𝑦 (28/𝑓𝑐𝑢 )
{
𝜎𝑖 = 𝑓𝑐 {1 +
𝑓𝑐
{
𝜀𝑖 = 5 [(

(19)

]}
},
}

𝜎𝑖 0.8
) − 0.8] (−0.0475𝑟 + 1.0624) (0.833 + 0.121√𝑓𝑐𝑢 ) × 10−3 ,
𝑓𝑐
2

𝜂 = 0.0236(ln(𝑝/𝑝1 )) ,

where 𝐸𝑜 is the elastic modulus of concrete, 𝜀 is the strain of
concrete, 𝜇𝑜 = 0.23 and 𝜇𝑓 = 1.08 [26] denote the initial
Poisson’s ratio and peak tangent Poisson’s ratio of concrete,
respectively, 𝑟 is the RAC replacement percentage (0.7 ≤ 𝑟 ≤
1), 𝛽 [29] is the nonlinear index, 𝑝 denotes the confining
pressure, and 𝑝1 is the confining pressure when the axial
stress of concrete first descends.

(23)

(24)
(25)

3. Analytical Procedure
For the analysis of the mechanical behaviour of RACFST
stub columns under concentric compression, a total of twenty
unknown variables are defined (𝜎𝑐𝑎 , 𝜎𝑐ℎ , 𝜎𝑐𝑟 , 𝜎𝑠𝑎 , 𝜎𝑠ℎ , 𝜎𝑠𝑟 , 𝑝,
𝜀𝑐𝑎 , 𝜀𝑐ℎ , 𝜀𝑐𝑟 , 𝜀𝑠𝑎 , 𝜀𝑠ℎ , 𝜀𝑠𝑟 , 𝐸𝑐𝑡 , 𝜇𝑐𝑡 , 𝐸𝑠 , 𝜇𝑠 , 𝑁, 𝜎, and 𝜀). Also, there
are twenty independent equations in the above constitutive
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d𝜎ac is selected

p is assumed
Calculate d𝜀ac , d𝜀hc , d𝜀rc , Δac , and Δrc

(see (2)-(3) and (17)–(25))

Calculate 𝜎as , 𝜎hs , 𝜎rs , d𝜀as , d𝜀hs , d𝜀rs , Δas
, and Δrs ; determine the stage of steel tube
(see (6)–(16))

Based on the deformation compatibility, check if

No

(Δrs + Δrc − Δhs )/Δhs ≤ 0.005
Yes
Check if the axial stress of core concrete reaches

The concrete is in the declining
stage. Check if the axial stress of
concrete could increase
(see (5)–(15) and (17)-(18))

Yes

peak value under this confining pressure
(see (17))
No
Increase the load/displacement; repeat the above
steps

No

Yes

Check if the axial stress of core concrete reaches the
maximum value under this test condition
(see (5)–(15) and (17)-(18))

Yes
The core concrete is in the declining stage; d𝜀ac is
recommended as incremental seed variable; repeat
steps (1)–(4)

No

Yes
End the procedure when the specimen is in the
ultimate condition

Figure 3: The numerical program.

model (see (1)–(11), (13)–(17)/(18), and (19)–(21)). So, the
unknown variables can be solved. The incremental analysis
method is adopted. The axial stress value of the core concrete
is selected as the incremental seed variable before the peak
stress while the axial strain value is used after the peak stress
(the exact peak stress is obtained based on the calculation).
The numerical program is shown in Figure 3. The detailed
procedures for this program can be summarized in the
following steps:
(1) A value of axial stress (strain) is fixed.

(2) A confining pressure is assumed.
(3) The deformations of core concrete and steel tube are
calculated (see (2)–(25)).
(4) Check if the radical deformation of concrete is compatible with that of the outer tube. If not, go back to
step (2).
(5) If the deformations satisfy the regulation, check if the
axial stress of core concrete reaches peak value (see
(17)-(18)). If yes, the concrete is in the decline stage
under this confining pressure.
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Figure 4: The axial load-strain relationships of specimens [18].

(6) If the axial stress of core concrete does not reach
peak value, repeat the above steps and increase the
axial stress until it reaches peak point under this test
condition.
(7) The core concrete is in the declining stage; a value of
axial strain is selected as incremental seed variables.
Repeat steps (1)–(4), and obtain the load-deformation
relationship for specimen.
It should be noted that the increment of axial stress
becomes smaller when approaching the peak point. The
Fortran 95 software is used to code the numerical program
according to this procedure.

4. Comparisons with Experimental Results
The accuracy of the mechanical model is checked against the
following experimental results summarized in Table 1.
4.1. Experiment of Xiao et al. [18]. Xiao et al. [18] carried
out axial compression tests on RACFST stub columns. The
load-deformation relation, the bearing capacity, and the
deformation ability were studied. Four sets of test results

(RCFS-0, RCFS-50, RCFS-70, and RCFS-100) are applicable
to the analytical solution of this study and selected to verify
this mechanical model.
The comparisons between the experimental and the
analytical results are shown in Figure 4. It is found that the
load-deformation relationship of RACFST can be divided
into elastic stage, elastic-plastic stage, and declining stage.
The calculated curve is nearly the same as the experimental
ones. The average calculated peak loads of RCFS-100, RCFS70, RCFS-50, and RCFS-0 are 2,311 kN, 2,298 kN, 2,500 kN,
and 2,458 kN, about 4.6%, 5.3%, 8.7%, and −2.2% higher than
the experimental 2,210 kN, 2,182 kN, 2,299 kN, and 2,513 kN,
respectively. The calculated peak strains are close to the
experimental ones.
The experimental [25] and analytical strains of the steel
tube are compared in Figure 5. It is found that the circumferential strain is small in the initial loading stage, which
means that the composition action between the steel tube
and the core concrete is negligible. As the load increases, the
circumferential strain quickly increases and finally exceeds
the axial strain. The calculated ones are similar to the
experimental results.
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Table 1: The detailed specimen.

Specimen

Xiao et al. [18]

Chen and Zeng [15]

Johansson [22]

Yang [14]
Huang et al. [30]

RCFS-100-1
RCFS-100-2
RCFS-100-2
RCFS-70-1
RCFS-70-2
RCFS-70-3
RCFS-50-1
RCFS-50-2
RCFS-50-3
RCFS-0-1
RCFS-0-2
C-2
C-3
SFE8
SFC8
SFE9
SFC9
CA1
CA2
CU-40
CU-70
CU-150

𝐷
(mm)
200
200
200
200
200
200
200
200
200
200
200
127
127
159
159
159
159
114
114
200
280
300

𝑡
(mm)
3.63
3.63
3.63
3.63
3.63
3.63
3.63
3.63
3.63
3.63
3.63
4.20
4.20
6.5
6.5
10.0
10.0
2.19
2.19
5
4
2

𝑓𝑐
(MPa)
29.6
29.6
29.6
27.9
27.9
27.9
34.7
34.7
34.7
35.9
35.9
57.8
52.0
93.8
93.8
93.8
93.8
28.0
24.5
27.15
31.15
27.23

𝑓𝑦
(MPa)
465
465
465
465
465
465
465
465
465
465
465
298.3
298.3
402
402
355
355
335.7
335.7
265.8
272.6
341.7

𝜉

𝑟

𝑁𝑢
(kN)

𝑁𝑐 𝑢
(kN)

1.21

100%

2210

2311

1.28

70%

2182

2298

1.03

50%

2299

2500

1.00

0%

2513

2458

0.76
0.85

60%
100%

1568
1463

1413
1333

0.80

0%

3310

3396

1.17

0%

3765

3806

0.98
1.11
1.06
0.52
0.34

25%
50%
0%
0%
0%

705
672
2013
3025
2608

686
636
2026
3009
2485

𝑁𝑢 is the maximum experimental load of specimen; 𝑁𝑐 𝑢 is the calculated one.

The development of axial stress (𝜎𝑠𝑎 ) of the steel tube is
shown in Figure 6. It can be found that 𝜎𝑠𝑎 does not remain
constant or elastic-plastic during the loading period. The
calculated peak value of 𝜎𝑠𝑎 is 372.87 MPa, only 6.8% higher
than the average experimental peak stress 348.91 MPa. The
development of 𝜎𝑠𝑎 can be divided into linear elastic stage,
hardening stage, declining stage, and nearly plastic stage.
4.2. Experiment of Chen and Zeng [15]. Chen and Zeng [15]
studied the mechanical behaviour of 6 circular RACFST stub
columns. Two typical specimens are selected to verify the
model.
The comparisons between the experimental results and
the analytical results are shown in Figure 7. It can be found
that the load-displacement relationship can be divided into
linear increasing, nonlinear increasing, and declining stages.
The declining tendency of Chen’s experimental curve is more
obvious than that of Xiao’s results, which is attributed to
the lower constraining factor 𝜉. The predicted curves are
similar to the experimental ones. The calculated peak loads
are 1,333 kN and 1,413 kN, about 9.75% and 9.89% lower than
the experimental 1,463 kN and 1,568 kN, respectively.
4.3. Experiment of Yang [14]. Yang [14] investigated the
mechanical behaviour of RACFST stub columns under different RCA replacement percentages, section types, material
strengths, and constraining factors. A total of 10 specimens
are tested. Two typical sets of circular section specimens are
analysed by the numerical program.

The predicted and experimental curves are shown in
Figure 8. The analytical results are close to the real ones.
The predicted peak loads are 686 kN and 636 kN, about
3.70% and 5.66% lower than the experimental 705 kN and
672 kN, respectively. The peak loads of specimens are closely
estimated. Figure 8 also compares the analytical results with
the fibre mechanical model results suggested by Han et al.
[21]. It is found that the differences are slight, while the peak
loads calculated by the fibre mechanical model are 648 kN
and 624 kN, about 5.9% and 1.8% lower than the analytical
ones. The model could well reflect the mechanical behaviour
of RACFST.
4.4. Experiments of Johansson [22] and Huang et al. [30].
Johansson [22] studied the mechanical behaviour of 15
circular CFST stub columns. Two sets of test results are
selected to verify the analytical solution of mechanical model.
Huang et al. [30] executed experiments on 17 specimens. In
this experiment, only three concrete filled steel tube columns
without stiffness were tested, each column with different
diameter-to-thickness ratios.
Figures 9 and 10 show the experimental and analytical load-deformation relationships. The load-deformation
response of specimens can be divided into four stages:
elastic stage, elastoplastic stage, plastic stage, and strain
hardening stage. The predicted curve shows good agreement
with the experimental results. The predicted peak loads are
3,396 kN (SFC(E)8) and 3,806 kN (SFC(E)9), about 2.6% and
1.1% higher than the experimental 3,310 kN (SFC(E)8) and
3,765 kN (SFC(E)9), respectively.
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Figure 5: Strain within steel tube.
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model match the experimental ones well. The predicted
complete load-deformation responses are in good agreement
with the experimental results. Therefore, this model can be
used to predict the mechanical response of RACFST under
axial compression.
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Figure 6: The variation of the axial compressive stress of steel tube.

In the above experiments, the prism compressive strength
(𝑓𝑐 ), the yield strength (𝑓𝑦 ), and the diameter-to-thickness
ratio range from 23.23 to 93.8 MPa, 265.8 to 465 Mpa, and 15.9
to 150, respectively. The results calculated by the mechanical

Based on the above analysis results, the axial stress-strain
response of the confined core concrete and the RCA effect
are discussed as follows.
5.1. Axial Stress-Strain Response
5.1.1. The Characteristics of Axial Stress-Strain Response. The
axial stress-strain relationships of the confined concrete in
RACFST stub columns are shown in Figure 11. Based on the
analysis results, it can be found that the curves of the confined
concrete in RACFST are categorised into approximately
linear ascending part, plastic part, strain hardening part, and
declining part (Figure 12). This phenomenon was also found
by Cetisli and Naito [31] and Huang et al. [25].
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The reasons for this phenomenon are the passive confinement and the composite action between the core concrete and
the outer tube. In the initial stage of loading, the steel tube
and the core concrete are in the elastic stage; the composite
action is negligible. After that, the core concrete enters into
the elastoplastic stage with the increase of load, whereas
the outer steel tube constrains the lateral deformation of
core concrete and restricts cracking and crushing. The axial
stress is approximately proportional to the corresponding
strain during this period. But, with the increase of load,
the outer steel tube is in elastoplastic stage. The increase
of the confining pressure becomes small and the constraint
influence on the core concrete is not obvious. So the increase
of confined core concrete axial stress is negligible but the
increase of strain is obvious (during this period, the stress
could decrease due to the lagging confinement growth). The
relation between the confined core concrete axial stress and
the corresponding strain is characterized by plasticity during
this period. After the steel enters into plastic stage, the stress
redistribution in steel tube occurs, the circumferential stress
of steel tube increases rapidly, and the axial stress decreases.
So, the constraining effect is improved due to the increasing
confining pressure. The microcracks close, leading to increase
in axial stress of the confined core concrete. The response
of concrete in this stage is characterized by enhancement
of stress. Finally, the axial stress reaches peak value and the
curves of the core concrete begin to decline.
It is found from Figure 11 that the axial stress-strain
of the confined concrete in RACFST is different from that
of confined concrete under constant confinement, which
can be attributed to the varying confining pressure and the
composite action. The calculated curves are also different
from the widely used model [21].
5.1.2. The Influencing Factors. According to the analysis
results, it can be concluded that diameter-to-thickness ratio

(𝐷/𝑡), tube thickness (𝑡), and yield strength (𝑓𝑦 ) have significant effects on the development of stress-strain curve,
whereas the influence of constraining factor 𝜉 is mild. Take
CU-40, CU-70, and CU-150 as examples; under the same
concrete strength, the range of plastic stage of confined
concrete in CFST decreases and the modulus of strain
hardening stage increases with an increase of 𝑡 and decrease
of 𝐷/𝑡. 𝜉 of RCFS-0 is nearly the same as that of CU-40, while
the curve of the confined concrete in RCFS-0 is different from
that of concrete in CU-40. The higher yield strength is, the
more plastic stage of confined concrete is.
Considering the effects of 𝐷/𝑡, 𝑡, and 𝑓𝑦 , it can be found
that the confining pressure (𝑝 = −2𝑡𝜎𝑠ℎ /𝐷) is the crucial factor determining the response of confined concrete. However,
𝜉 has an important influence on the enhancement of core
concrete strength, as shown in Figure 13. The improvement of
core concrete strength increases with increase of 𝜉 value. But
𝐷/𝑡 influence on the core concrete strength improvement is
not obvious.

5.2. Confining Pressure. The developing tendencies of the
confining pressure (𝑝) are shown in Figure 14. It can be
found that the confining pressure-axial strain relationships
can be categorised into negative part, approximately linear
ascending part, plastic part, hardening part, and smooth part
(Figure 15). 𝑝 provided by the outer tube does not remain
constant or ideally elastoplastic. 𝐷/𝑡 and 𝑡 have important
influences on the development of 𝑝, while the influence of
𝜉 is not obvious. It can be found from specimen C-3 that the
plastic stage of 𝑝 is negligible and the modulus of confining
pressure-strain curve is more than that of the others.
The variation of 𝑝 can change the response of the confined
concrete. The comparisons between the variation of 𝑝 and
that of concrete are shown in Figure 16. In the initial loading
stage, with the increases of 𝑝, the axial stress of concrete keeps
increasing. The axial stress enters into plastic stage when the
increase of 𝑝 is small. After that, 𝑝 increases quickly which
leads to the enhancement of concrete strength. Finally, the
confining pressure becomes constant, and the axial stress of
the confined concrete decreases slightly. This phenomenon is
in line with the experimental results in Cetisli and Naito [31].
5.3. The RCA Replacement Percentage Influence
5.3.1. The Response of Confined Core Concrete. In order to
study the RCA replacement percentage effect on the response
of confined concrete, the concrete strength enhancement
(𝜎𝑐 /𝑓𝑐 ) and deformation ductility (𝜀𝑐 /𝜀1 ) relationships are
plotted in Figure 17 (𝜀1 is the peak strain of plain RAC,
which is calculated by Xiao et al. [6]). 𝑓𝑐 and 𝐷/𝑡 effects are
minimized, while the RCA replacement percentage influence
is considered. It can be found that, under similar steel tube
confinement (i.e., 𝐷, 𝑡, 𝑓𝑦 , and 𝑓𝑐 ), the RCA replacement
percentage has slight effect on the responses of concrete.
The peak strength enhancements of the core concrete in
RCFS-50 and RCFS-100 are 2.05 and 2.38, respectively; and
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Figure 11: The calculated axial stress-strain relationships of confined core concrete.

the corresponding peak deformation ductility are 2.07 and
2.39, respectively. The peak deformation ability and the peak
strength enhancement increase with an increase of RCA
replacement percentage (Table 2).
It should be also noted that the differences in the approximately linear ascending stage of concrete are negligible
because the cracking/crushing does not widely develop and

the RCA contents influence is not obvious. The differences
become obvious with the increase of load due to RCA
accelerating the deterioration of core concrete.
5.3.2. The Confining Pressure. The RCA replacement percentage influence on the confining pressure (𝑝) is shown in
Figure 18. It can be found that, under the same 𝐷, 𝑡, and 𝑓𝑦
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Figure 12: The stages of confined core concrete.
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and so forth, the ratio of 𝑝 to 𝜎𝑐 changes irregularly and the
RCA effect is not obvious. However, in the declining stage,
the more RCA replacement percentage is, the better concrete
strength enhancement and deformation ability are.

6. Conclusions
The mechanical behaviour of RACFST stub columns under
axial compression is analysed and discussed in this paper. The
following conclusions can be drawn:
(1) A new mechanical model of RACFST is developed
and the corresponding numerical program is established. The analytical results are compared with various experimental results. The results calculated by the
mechanical model match the real ones well. The predicted complete load-deformation response and peak
load are in good agreement with the experimental
results.
(2) The axial stress-strain relationship of the confined
concrete in RACFST stub column can be categorised
into approximately linear ascending part, plastic part,

strain hardening part, and declining part. The axial
stress-strain of the core concrete in RACFST is different from that of the confined core concrete under
constant confinement.
(3) The confining pressure varies during the whole
period. The development of confining pressure in
CFST is divided into negative part, approximately
linear ascending part, plastic part, hardening part,
and smooth part. This tendency is different from the
development of confining pressure in fiber reinforced
polymer (FRP) confined concrete (there is no obvious
plastic and smooth part). The variation of the confining pressure could lead to the change of confined
concrete response.
(4) Compared with the constraining factor, the confining
pressure has obvious effect on the developing tendency of core concrete stress-strain relationship and
confining pressure. 𝜉 has an important influence on
the enhancement of core concrete strength.
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